A glassy phase containing high volume fractions (V f ) of bcc Ta-based phase was formed in as-cast (Cu 0:6 Hf 0:25 Ti 0:15 ) 94 Ta 6 alloy rods with diameters up to 2 mm. Its V f increased from 9.5 to 11% with increasing rod diameter from 1 to 2 mm. The in-situ bcc phase has a dendritic morphology with a size of about 10 mm and its size tends to increase with increasing V f . The bcc phase has analytical compositions of 1.4 at% Cu, 7.6 at% Ti and 91.0 at% Ta. The lattice parameter of the bcc phase is 3.306 nm which approximates to that of Ta metal. The thermal stability of the remaining glassy matrix remains unchanged in coexistence with the bcc phase. The mixed structure is presumed to be formed by the primary precipitation of ductile dendritic bcc phase, followed by the solidification of the remaining liquid to glassy phase. The Young's modulus (E), yield strength ( y ), true compressive fracture strength ( t,f ) and true plastic strain (" p ) were 104 GPa, 2125 MPa, 2100 MPa and 0.34, respectively, for the 2 mm rod with 11% V f . The y and t,f are higher than those (2010 MPa and 2005 MPa) for the Cu 60 Hf 25 Ti 15 glassy alloy rod with a diameter of 2 mm. Especially, the " p for the (Cu 0:6 Hf 0:25 Ti 0:15 ) 94 Ta 6 mixed structure alloy is dramatically enhanced in comparison with that (" p ¼ 0:016) for Cu 60 Hf 25 Ti 15 single phase alloy. The enhancement of y , t,f and " p in the mixed structure of glassy and bcc phase for the new Cu-based system is promising for future uses as a new type of high-strength bulk glassy alloy.
Introduction
For several years between 1988 and 1990, glassy alloys with a large supercooled liquid region before crystallization were found in Ln(lanthanide metal)-, 1) Mg- 2) and Zr- 3) based alloy systems and the use of the stabilized supercooled liquid enabled us to produce bulk glassy alloys with diameters above several millimeters by various casting processes. 4) In addition, it has been reported that these bulk glassy alloys exhibit high tensile fracture strength. 4) Subsequently, a number of bulk glassy alloys were synthesized in a variety of alloy systems such as other Zr-based alloys of Zr-Ti-BeNi-Cu, 5) Zr-(Ti,Nb,Pd)-Al-(Ni,Cu), 6) Ti-, 7) Hf-, 8) Fe-, 9) PdCu-Ni-P, 10) Co-, 11) Ni- 12) and Cu- 13) bases. The largest diameter of the bulk glassy alloys is about 80 mm 14) and the lowest critical cooling rate is as low as 0.06 K/s. 15) The tensile fracture strength of bulk glassy alloys has been reported to be 600 to 800 MPa for the Mg-based alloys, 1000 to 1300 MPa for the Ln-based alloys, 1500 to 1800 MPa for the Zr-based alloys, 1700 to 2100 MPa for the Ti-based alloys, 2000 to 2500 MPa for the Cu-based alloys [16] [17] [18] [19] and 2500 to 2700 MPa for the Ni-based alloys. 20) Furthermore, it has been reported that the homogeneous dispersion of the second phases such as WC, W, ZrC and -bcc solid solution into glassy phase is effective for an increase of compressive fracture strength and fracture elongation. [21] [22] [23] [24] The largest elongation in conjunction with higher fracture strength as compared with the glassy single phase reaches 2 to 8% for the Zr-based glassy alloy containing 5 to 17.5% volume fraction of ZrC particles produced by the in-situ solidification method. 23) Similarly, the mixed structure of glassy and bcc Zr-based phases also causes a significant increase in plastic elongation to over 6%, though the fracture strength tends to decrease as compared with the corresponding glassy single phase. 24) There have been no data on the formation of the similar mixed phase alloys with improved mechanical properties in other alloy systems. Very recently, it has also been found that the Cu-based glassy alloys containing homogeneously dispersed bcc dendritic phase are formed in Cu-Zr-Ti-Nb, 25) Cu-Zr-Ti-Ta 26) and Cu-Hf-Ti-Nb (or Ta) 27) systems by the in-situ solidification mode and the resulting mixed phase alloys exhibit improved strength and ductility. This paper intends to present microstructure, thermal stability and mechanical properties of (Cu 0:6 Hf 0:25 Ti 0:15 ) 94 Ta 6 bulk alloy rods consisting of glassy and dendritic bcc-(Ta) phase prepared by copper mold casting.
Experimental Procedure
A multi-component alloy ingot with composition of (Cu 0:6 Hf 0:25 Ti 0:15 ) 94 Ta 6 was prepared by arc melting the mixture of pure Cu, Hf, Ti and Ta metals in an argon atmosphere. The alloy composition represents nominal atomic percentages. Bulk glassy alloys in a cylindrical rod form with a length of 50 mm and different diameters of 1 to 3 mm were produced by copper mold casting. The glassy and crystalline phases were identified by X-ray diffraction and the morphology and dispersed state of the second phase were examined by optical microscopy (OM) and scanning electron microscopy (SEM). The analyses of the components in the constituent phases were made by an energy dispersive spectroscopy (EDS) method. Thermal stability was examined by differential scanning calorimetry (DSC) at a heating rate of 0.67 K/s. Mechanical properties in a compressive deformation mode were measured with an Instron testing machine. The gauge dimension was 2 mm in diameter and 4 mm in length and the strain rate was 5:0 Â 10 À4 s À1 . Fracture surface was examined by scanning electron microscopy (SEM). Figure 1 shows X-ray diffraction patterns of the as-cast CuHf-Ti-Ta alloy rods with different diameters of 1, 2 and 3 mm. The patterns can be identified as glassy plus bcc (Ta) phase for the 1 mm and 2 mm alloy rods and glassy plus bcc (Ta) along with orthorhombic Cu 8 Hf 3 phase and other unknown phase for the 3 mm alloy rod. The (Ta) phase has a lattice parameter of 3.306 nm which was calculated from the highest peak (d 110 ¼ 2:338) of bcc (Ta) phase in the XRD patterns ( Fig. 1) . It is seen that the lattice parameter of the (Ta) phase approximates to that of pure Ta metal, suggesting the (Ta) phase is a bcc Ta-rich solid solution. With the aim of clarifying the size, shape and dispersed state of the bcc (Ta) phase, a SEM image of the cast 2 mm alloy rod is shown in Fig. 2 . The SEM image was taken from the central region in the transverse cross section of the rod. The (Ta) solid solution phase has a dendritic morphology with a length of about 15 mm and a width of about 3.5 mm and appears to disperse randomly at an inter-particle spacing of 15 to 25 mm. The dendrite size was also about 10 mm in length and about 3.0 mm in width for the 1 mm rod. There is a tendency for the dendrite size to decrease with a decrease of rod diameter. In addition, the volume fraction of the dendrite (Ta) phase increased from about 9.5 to 11% with an increase of rod diameter from 1 to 2 mm.
Results
The precipitation morphology and dispersed state of the (Ta) phase suggest that the bcc phase precipitates directly as a dendrite phase from the supercooled liquid, followed by the solidification of the remaining liquid to the glassy phase. Such a solidification mode seems to reflect the much higher melting temperature of the primary bcc Ta-rich phase which is immiscible to Cu-rich phase. The alloy components of the bcc (Ta) dendritic and glassy matrix phases were examined by SEM linked with EDS. The EDS data shown in Fig. 3 indicate that the dendritic (Ta) phase of about 15 mm in length and 3.5 mm in width has alloy components of 1.4 at% Cu, 7.6 at% Ti and 91.0 at% Ta. In addition, the remaining glassy phase was analyzed as the composition of 57.7 at% Cu, 25.3 at% Hf, 12.1 at% Ti and 4.9 at% Ta which shifted to the lower Ta concentration side. The Ta-rich and Cu-poor compositions of the dendritic (Ta) phase are consistent with the above-described presumption that the (Ta)-rich phase precipitates as the primary dendrite phase because of the immiscible nature against Cu-rich liquid phase and much higher melting temperature of the Ta-rich phase. Figure 4 shows DSC curves of the Cu-Hf-Ti-Ta alloy rods with diameters of 1 and 2 mm. The alloy rods exhibit a sequent phase transition of glassy solid, glass transition, supercooled liquid and then crystallization and there is no distinct change in the phase transition sequence and the thermal stability of supercooled liquid with rod diameter. The glass transition temperature (T g ), crystallization temperature (T x ) and supercooled liquid region (ÁT x ¼ T x À T g ) are 754, 800 and 46 K, respectively, for both the rods, though the heat of crystallization decreases slightly with increasing rod diameter. The similar endothermic and exothermic peak behaviors indicate the absence of significant change in alloy components in the glassy matrix phase with rod diameter, being consistent with the analytical results of composition. 28) It is therefore said that the strength and plastic strain increase significantly by the coexistence with the dendritic (Ta) phase, though the Young's modulus decreases by the precipitation of the bcc phase. These results indicate clearly that the mechanical properties except t,f for the Cu-based bulk glassy alloys are improved by the dispersion of the highly ductile dendritic (Ta) phase. It is believed that the plastic strain of 0.34 is the largest for all bulk glassy composite alloys containing crystalline phases. On the other hand, it is noticed that the t,f value of the (Ta) phase containing alloy is lower than the y value, suggesting that the severely deformed region in the glassy matrix phase is subjected to work-softening. Figure 6 shows the deformation structure on the outer surface of the 2 mm rod subjected to the large plastic strain of 0.34. A number of deformation bands are observed along the maximum shear stress plane which is declined by about 40 degrees to the direction of applied load. In addition to the rather straight shear bands generated along the parallel direction, a number of wavy-type shear bands are also seen, indicating that the shear bands are branched. The distinct branching phenomenon of shear bands is thought to occur by the disturbing effect of the dendrite (Ta) phase and the discussion on the mechanism for the generation of the branching shear band is given in next section. In any event, the generation of a number of straight-and wavy-type deformation bands demonstrates that the deformation ability of the Cu-based bulk glassy alloys is dramatically enhanced by the random dispersion of the dendritic (Ta) phase. Figure 7 shows the fracture surface of the 2 mm rod. It is seen that the final fracture occurs along the maximum shear stress which is declined by about 40 degrees to the direction of applied load and the fracture surface consists mainly of a well-developed vein pattern. No appreciable difference in the fracture mode by coexistence of the dendritic (Ta) phase was observed for the rod specimen. In the present study, we could not detect any degradation tendency in the mechanical strength by the precipitation of the dendritic (Ta) solid solution phase. This is in contrast to the previous result 24) that mechanical strength level decreases significantly by coexistence of bcc solid solution phase in Zr-Ti-Be-Ni-Cu alloys, accompanying an increase in elongation. The difference is presumably because of the significant differences in the size and volume fraction of the dendritic bcc phase, i.e., about 15 mm in length and 11% for the present -Ta solid solution phase and about 50-150 mm in length and 25% for the Zr-TiNb phase. The simultaneous achievement of high true fracture strength above 2000 MPa and large plastic strain of 0.34 in the coexistent state of glassy and (Ta) phase in the Cu-Hf-Ti-Ta system is encouraging for future application of the Cu-based bulk glassy alloys.
Discussion
It is known that the plastic deformation of glassy single phase alloys occurs by the generation of shear bands along the maximum shear stress plane under applied load. The progress in the degree of the generation causes the formation of highly localized shear bands and the significant increase in the stress intensity in these localized shear bands. Further increase in plastic strain leads to much higher stress intensity and induces the increases in temperature and free volume, resulting in much more softening of the glassy phase within the localized shear bands. 29, 30) These softening shear bands correspond to weak shear bands in the glassy phase and act as easy nucleation and propagation sites of cracks. Such inhomogeneous deformation yields that the final fracture occurs along the planes of these softened shear bands, leading to final failure of the glassy single phase alloy with very low plastic elongation. However, the present data have demonstrated very high ductility of the mixed structure alloy. As shown in Fig. 2 , the mixed structure of the ductile Ta-based bcc dendrites dispersing in the glassy matrix is formed for the cast Cu-Hf-Ti-Ta alloy rod. Considering that conventional Ta metal has a large plastic elongation of about 40% at room temperature, 31) it is presumed that the dendrites with the mean size of about 15 mm dispersing in the glassy matrix act an important role in the generation and propagation of the shear bands in the glassy matrix phase and the subsequent fracture behavior of the mixed structure alloy. This is confirmed by the generation of a number of wavy-type and/ or branching shear bands on the outer surface (Fig. 6) . During the propagation of shear bands, they must interact with the mm-scale ductile dendrites. As the dendrites act as the soft phase surrounded by the hard glassy matrix phase, the strong stress intensity within shear bands is transferred to the ductile dendrites. This causes the sudden release of the stress within shear bands, followed by the decrease in temperature and the possible re-hardening of the glassy phase. Thus, the shear bands are weakened or stopped temperately. At the continuous loading, the shear bands are triggered again, and propagate either along the former direction or along new directions decided by the lowest energy. This is the reason why the ductile dendrites arrest or confine shear deformation and induces the generation of the wavy-type and/or branching shear bands. The significant increase in the number of the branching shear bands during the application of load is concluded to be the origin for the large plastic strain of the mixed structure alloy rod.
Conclusions
We searched for a cast bulk alloy with glassy and crystalline phases keeping good mechanical properties in the Cu-Hf-Ti-Ta system. The results obtained are summarized as follows.
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